Vibrio vulnificus is a marine bacterium associated with human and fish (mainly farmed eels) diseases globally known as vibriosis. The ability to infect and overcome eel innate immunity relies on a virulence plasmid (pVvbt2) specific for biotype 2 (Bt2) strains. In the present study, we demonstrated that pVvbt2 encodes a host-specific iron acquisition system that depends on an outer membrane receptor for eel transferrin called Vep20. The inactivation of vep20 did not affect either bacterial growth in human plasma or virulence for mice, while bacterial growth in eel blood/ plasma was abolished and virulence for eels was significantly impaired. Furthermore, vep20 is an ironregulated gene overexpressed in eel blood during artificially induced vibriosis both in vitro and in vivo. Interestingly, homologues to vep20 were identified in the transferable plasmids of two fish pathogen species of broad-host range, Vibrio harveyi (pVh1) and Photobacterium damselae subsp. damselae (pPHDD1). These data suggest that Vep20 belongs to a new family of plasmid-encoded fish-specific transferrin receptors, and the acquisition of these plasmids through horizontal gene transfer is likely positively selected in the fish-farming environment. Moreover, we propose Ftbp (fish transferrin binding proteins) as a formal name for this family of proteins.
Introduction
Vibrio vulnificus is a multi-host pathogen from marine and estuarine ecosystems located in temperate, tropical and subtropical areas. In these ecosystems, the pathogen survives in the planktonic form or associated with the skin surface and intestine of aquatic animals and is also present in oysters and other filtering organisms, particularly during warm months (Hor et al., 1995; Pfeffer et al., 2003; Jones and Oliver, 2009) . From these reservoirs, the pathogen can accidentally infect humans or fishes, causing diseases with multiple pathological presentations collectively called 'vibriosis' (Dechet et al., 2008; Jones and Oliver, 2009) .
Human cases of vibriosis, such as primary sepsis, severe wound infections or secondary sepsis, sporadically occur after raw seafood ingestion, contact with contaminated-water/animal or spread from the skin to the blood respectively (Bullen et al., 1991; Horseman and Surani, 2011) . Interestingly, the probability of death by sepsis significantly increases in patients presenting high levels of iron in the blood (Bullen et al., 1991; Hor et al., 2000) . Fish vibriosis was discovered in farmed eels and further described in wild eels and other farmed-fish species (Biosca et al., 1991; Fouz et al., 2000; Pederssen et al., 2008) . The disease occurs as outbreaks of a haemorrhagic septicaemia with a high probability of death, regardless of the iron levels in the blood. Fish-virulent strains, collectively called biotype 2 (Bt2), harbour a virulence plasmid (pVvBt2) that confers resistance to the eel innate immunity through unknown mechanisms Valiente et al., 2008) . Interestingly, the Bt2 strains belonging to serovar E are zoonotic because these are associated with vibriosis in humans, following manipulation of diseased fishes Haenen et al., 2014) .
Mammals and fish share most innate defence mechanisms, including iron starvation (known as nutritional immunity). In fish and mammals, iron binds to host proteins, such as transferrin (Tf) or haemoglobin (Hb)/hemin (Hm), and is unavailable for bacteria, unless they harbour high-affinity acquisition systems that successfully compete with host proteins for iron. Vibrio vulnificus possess two host-non-specific iron-uptake systems involved in virulence, one system depends on the siderophore vulnibactin and its receptor VuuA, and the other system depends on the haem receptor HupA Litwin and Byrne, 1998; Pajuelo et al., 2014) . Notably, a second haem receptor, HutR, has been described, but this receptor is not involved in virulence (Pajuelo et al., 2014) . Interestingly, the inactivation of both iron-uptake systems through mutations in the genes encoding the receptors VuuA and HupA completely abolishes the virulence for mice, but not the virulence for eels, suggesting the existence of a third, likely hostspecific, iron-uptake system in eels (Pajuelo et al., 2014) . Furthermore, a candidate gene for this third system, vep20, has been identified using the FURTA (ferric uptake regulator titration assay) in pVvBt2 (Pajuelo et al., 2014) . The vep20 gene is putatively controlled by the transcriptional regulator Fur through direct binding at a regulatory region in the promoter, called Furbox, and was annotated as a putative receptor for Tf/Hb/Hm based on low homology (29% of identity) with TbpA, the human Tf receptor in Neisseria (Pajuelo et al., 2014) .
The aim of the present study was to demonstrate the biological function of Vep20 under the hypothesis that this protein is involved in host-specific iron uptake. To this end, we obtained a single vep20 mutant, the corresponding complemented strain and a triple mutant deficient in vep20, vuuA and hupA. Together with the wild-type strain, these bacteria were tested in a series of selected in vitro and in vivo assays using eels and mice as animal models. Moreover, we examined the phylogeny of vep20 and related genes within the Vibrio species to better understand the emergence of the zoonotic clonal complex within V. vulnificus.
Results

Vep20 is an iron-regulated outer membrane protein (IROMP)
Preliminary analysis suggests that Vep20 is an IROMP. Thus, according to Pfam, PsortB and SecretomeP, Vep20 is an 84 kDa (741 amino acids) outer membrane (OM) receptor protein with two conserved functional domains: a β-barrel-TonB-dependent domain, which forms a channel across the OM, and a plug domain, which acts as a gate to facilitate or prevent ligand entry through the channel. In addition, Pajuelo et al. (2014) also suggested that Vep20 is under Fur control. To confirm that Vep20 is an IROMP, the OM proteins of the wild type and derivative strains (Δvep20, cvep20) were extracted from cultures grown in the absence and presence of iron, followed by immunostaining with antibodies against rVep20 (Fig. 1A) . Vep20 was positively identified in the OM extract from the wild-type strain (Fig. 1B) but only when grown under iron restriction [CM9 plus 40 μM iron-free human apotransferrin (apo-Tf) or a 40% of eel plasma] (Fig. 1A and C), confirming that Vep20 is an IROMP. In addition, Vep20 was detected in OM extract after 4 h of incubation in CM9-EP (Fig. 1D ). As expected, the mutant did not produce Vep20 under any of the assayed conditions (Fig. 1A) . The molecular weight of Vep20, estimated using SDS-PAGE, was similar to that predicted through in silico analysis (approximately 80 versus 84 kDa).
Vep20 is a host-specific virulence factor involved in eel invasion
Compared with the wild type and the complemented strain, Δvep20 did not show significant differences in virulence for i.p. (intraperitoneal)-injected mice, while virulence for i.p.-injected eels was dramatically impaired (Table 1) . Furthermore, the inactivation of vep20 completely abolished virulence for eels when administered through the natural route of infection, i.e. immersion in a bacterial-infected bath (Table 1) . Previous studies have shown that the hupA and vuuA double mutant (the receptors for vulnibactin and Hm) was avirulent for mice but retained some degree of virulence for i.p.-injected eels (Pajuelo et al., 2014) (Table 1) . We obtained the triple mutant strain ΔhupAΔvuuAΔvep20 to determine whether vep20 influenced this remaining virulence. As expected, the triple mutant completely lost virulence for eels when administered through i.p. injection (Table 1) .
The results of virulence assays revealed that Vep20 is a host-specific virulence factor; thus, we tested whether vep20 played a role in the invasion of internal organs using an in vivo colonization and invasion assay as previously described (Lee et al., 2013) . Although Δvep20 colonized the gills of waterborne-infected eels, establishing a population similar in size to the wild-type strain, Δvep20 was unable to invade the bloodstream and spread efficiently to the remaining internal organs (liver, head kidney and spleen) (Fig. 2) . Thus, Δvep20 was not recovered from the blood and was only recovered from the liver and head kidney at 24 h post-infection in numbers significantly lower than those of the wild-type strain (Fig. 2) .
Vep20 is involved in resistance to the eel innate immunity
To determine whether Vep20 plays a role in survival in blood, wild type and derivative strains were incubated in fresh eel blood, a suspension of specific eel blood cells (erythrocytes or granulocytes) or fresh eel plasma.
As shown in Fig. 3 , the growth of Δvep20 was significantly impaired in eel plasma and eel blood but not in a. LD50 for mice was determined using the iron-overloaded model (Amaro et al., 1994) . LD50 is expressed as cfu per gr in case of i.p. injection and cfu per ml in case of bath infection (Amaro et al., 1995) . b. Ratio between final and initial bacterial counts on TSA-1 plates after 4 h of incubation in fresh plasma. c. Diameter of growth halo in mm around Tf-discs (soaked in a solution of human holo-Tf 1 mM) placed on CM9A-E plates previously inoculated with 100 μl of an overnight culture in CM9. d. Minimum concentration in μM of bovine Hm in CM9 supplemented with 100 μM of EDDHA that stimulated growth. e. Data from Pajuelo et al. (2014) . ND, not done.
Fig. 2.
V. vulnificus-eel in vivo assays. Eel colonization and invasion assays. The eels were bath infected with the wild-type strain (CECT4999) or Δvep20 mutant at a dose of 10 6 cfu ml −1 for 1 h. Subsequently, the bacterial colonization in external (gills) and internal (blood, liver, head kidney and spleen) organs was measured as bacterial counts (cfu per g) at 0, 9, 24 and 72 h post-challenge. The asterisks indicate significant differences in bacterial counts between the mutant and wild-type strains (P < 0.05).
Vep20: a new transferrin receptor of Vibrio vulnificus 3 human plasma, confirming that Vep20 influences hostspecific growth in blood. To determine the inhibition in growth-reflected complement activity and/or iron sequestration via Tf in the eel blood, complement was heat inactivated, and eel plasma was supplemented with iron. The inactivation of eel complement did not affect bacterial growth, while iron supplementation abolished the inhibitory effect of eel plasma or heated eel plasma on the mutant strain (Fig. 3) . Moreover, vep20 expressed in trans from a plasmid restored growth under all the tested conditions (Fig. 3) . Thus, Vep20 is essential for the growth of this strain in eel blood and plasma but not in human plasma.
To find out whether Vep20 has a role in the interaction with eel cells, the wild type and Δvep20 were grown in presence of eel erythrocytes and phagocytes (granulocytes). Wild type and mutant Vibrio strains resist phagocytosis and destroy the monolayer of phagocytes in less than 90 min, generating similar total bacterial counts [from approximately 1 × 10 5 colony-forming units (cfu) per well at time 0 to approximately 1 × 10 6 cfu per well after 90 min] (Supporting Information Fig. S1A ). No bacteria were detected in the surviving phagocytes (bacterial counts below the detection limit) (Supporting Information Fig. S1B ). In addition, both strains destroyed erythrocytes in less than 90 min without significant differences in bacterial counts (Supporting Information Fig. S2 and data not shown). These results confirm that Vep20 is not involved in interactions with eel erythrocytes or resistance to phagocytosis.
vep20 is transcribed in vitro and in vivo An increase in vep20 expression was observed in vitro in bacteria grown under iron-restricted conditions using either chemical (ethylenediamine-di-[ohydroxyphenylacetic or EDDHA) or biological (human apo-Tf or human plasma/eel plasma) chelators (Fig. 4A ). vep20 expression in human and eel plasma was abolished when FeCl 3 was added at 20 and 200 μM concentrations respectively (Fig. 4A ). We also examined the relationship between growth and gene expression by comparing the fold induction of vep20 with the growth curve of the wild-type strain under ironrestricted conditions (human apo-Tf or fresh eel plasma). As shown in Supporting Information Fig. S3 , both parameters were associated with an increase in the transcript/RNA levels of vep20 at the beginning of the log phase, achieving a maximum just prior to the Fig. 3 . Bacterial growth in plasma and blood. The bacterial growth of V. vulnificus strains, expressed as log10 units cfu ml −1 , was measured at 4 h after incubation under different conditions. The asterisks indicate significant differences in growth between the mutant and wild-type strains (P < 0.05). In vivo transcript/RNA levels of vep20 estimated using qRT-PCR. The eels were bath infected with the wild-type strain (CECT4999) at a dose of 10 6 cfu ml −1 for 1 h, and the transcript/RNA levels of vep20 were determined in external (gills) and internal (blood, liver, head kidney and spleen) organs at 0, 9, 24 and 72 h post-challenge using qRT-PCR. The asterisks indicate significantly increased vep20 expression with respect to the vep20 expression levels in bacteria cultured in CM9 (P < 0.05).
stationary phase and declining thereafter to nearly undetectable levels in 24 h. Interestingly, both vep20 transcription in CM9-EP versus CM9+apoTf curves were similar, while growth curves were not: the curve for bacteria grown in CM9 media supplemented with human apo-Tf showed a lag phase of more than 4 h, and this effect was not observed for bacteria grown in CM9-EP (Supporting Information Fig. S3 ).
The transcript/RNA levels of vep20 in samples of internal and external organs from bath-infected eels are shown in Fig. 4B . The expression of vep20 was not upregulated in the gills at any of the assayed times, although the bacterial counts in this organ were the highest observed. In contrast, vep20 expression was notably upregulated in some internal organs, but only during the first 24 h post-infection. Thus, vep20 was induced at 9 and/or 24 h post-infection in the blood, liver and spleen and returned to undetectable levels at 72 h post-infection (Fig. 4B ). As expected, the expression levels were associated with bacterial counts in each internal organ (Figs 2 and 4B). These results suggest that Vep20 is a host-specific virulence factor expressed in the internal organs of infected eels during the first 24 h of infection, consistent with the results obtained in vitro.
Vep20 is a specific receptor for eel transferrin vep20 was annotated as a putative Tf/Hb/Hm-binding protein. To determine whether vep20 was involved in iron acquisition from Hb, the strains were cultured with commercial Hm as the sole iron source. No significant differences in growth were observed among wild type, cvep20 and Δvep20 strains, while the minimal Hm stimulatory concentration was higher than 10 μM for the negative control strain, ΔhupAΔhutR, a mutant strain obtained in a previous study, unable to grow using Hm as the sole iron source (Pajuelo et al., 2014) (Table 1) .
To identify the ligand for Vep20, eel plasma proteins were separated using SDS-PAGE and subsequently transferred to a polyvinylidene difluoride (PVDF) membrane, followed by blocking and incubation with an rVep20 protein solution as described in the Materials and methods. The ligand-Vep20 complex was identified using specific-rVep20 antibodies, and the corresponding band (of 74 KDa, Fig. 5 ) was excised and analysed by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). The Vep20 ligand was identified as a Tf since the obtained peptides matched proteins corresponding to Tfs from different fish species [Oreochromis niloticus (Nile tilapia), Latimeria chalumnae (West Indian Ocean coelacanth) and Ictalurus punctatus (channel catfish)] (Supporting Information Table S2 ). Then, we analysed the phylogenetic distance of the eel-Tf from the fish Tfs identified through the proteomic analysis (only Tf from Ictalurus punctatus is included in GenBank). The phylogenetic reconstruction from a common region of 892 positions present in all fish Tfs (75.1% pairwise identity, with 26% of identical sites) showed that spotted gar (Lepisosteus oculatus)-Tf, a fossil marine animal, followed by catfish-Tf and several salmonid-Tfs, including trout-Tf (from Oncorhynchus mykiss), were the closest phylogenetic neighbours to eel-Tf (Fig. 6) .
Finally, to confirm that Vep20 is a fish-specific receptor, the strains were cultured with iron-saturated human holotransferrin (holo-Tf) as the sole iron source. Similarly, unlike the negative control (ΔvuuA), the wild type, cvep20 and Δvep20 strains showed growth with human holo-Tf, and no significant differences were observed among these strains (Table 1) . vep20 is highly conserved within V. vulnificus vep20 and its putative Furbox were screened through polymerase chain reaction (PCR) in a collection of Bt1, Bt2 and Bt3 strains (Table 2) using the primers listed in Supporting Information Table S1 . No amplification product for vep20 was obtained from DNA isolated from Bt1 and Bt3 isolates. In contrast, the DNA samples from all Bt2 strains showed amplification products of the predicted sizes for both Furbox and vep20. These amplification products were sequenced and compared. The analysis showed two types of vep20 proteins (type I and II), differing in one amino acid (proline or histidine), resulting from a single base substitution; notably, type II proteins were present in 62% of the studied isolates (in Supporting Information Fig. S4 ). A. Western blot detection of the Vep20-ligand complex using Vep20-specific antibodies. B. SDS-PAGE of albumin-depleted eel plasma; the arrow indicates the molecular weight of the Vep20 ligand.
Vep20: a new transferrin receptor of Vibrio vulnificus 5 The amino acid sequence alignment of Vep20 with TbpA of Neisseria meningitidis (3V8XA) showed 32% sequence identity and 74% query coverage. The 3D structures of both Vep20 types (I and II) are shown in Fig. 7 . The best model for Vep20-type I presented 92.6% of residues (684 aa) in favoured regions, 5.0% (37 aa) in allowed regions and 3% (22 aa) in outlier regions while the best for Vep20-type II showed 92.4% of residues (683 aa) in favoured regions, 4.6% (34 aa) in allowed regions and 3% (22 aa) in outlier regions. Both models also showed the best scores for discrete optimized protein energy calculated using Modeller software.
vep20 is present in other plasmids from other bacterial fish pathogens
Interestingly, a vep20 homologue with 99.8-99.9% identity has been identified in the plasmids of two species of fish pathogens, namely V. harveyi (pVh1, locus HM752267; http://www.straininfo.net/strains/279230) and P. damselae subsp. damselae (formerly V. damselae; pPHDD1, orf150; Rivas et al., 2011) . The phylogenetic tree showing the relationships among the three genes and the intraspecific variability in vep20 is presented in Supporting Information Fig. S4 . In parallel, an analysis of the Derivative of pJRD215 with the Sm r gene between two XmnI sites replaced by the multiple-cloning-site containing lacZ gene cloned from pUC19 Lee et al. (2008) pΔvep20 pCVD442 with Δvep20 in the MCS This study pITvep20 pIT009 with vep20 gene/promoter in the MCS This study
Vep20: a new transferrin receptor of Vibrio vulnificus 7
Furbox showed that this sequence was identical in all Vibrio isolates (GATAATGATAATCATTATT), while that of P. damselae showed a 79% sequence identity with respect to the Vibrio isolates (GATAAATATTATCATTATC).
Discussion
The first human and fish vibriosis cases caused by V. vulnificus were reported in the 1970s. Since then, many studies on the virulence mechanisms involved in human vibriosis have been performed (Gulig et al., 2005; Jones and Oliver, 2009) . Most of these studies suggest that all the strains of this species could potentially be pathogenic for humans because all of the analysed virulence genes are present in both clinical and environmental strains (Gulig et al., 2005; Jones and Oliver, 2009) . In contrast, studies on the virulence mechanisms involved in fish vibriosis have demonstrated that only Bt2 strains can infect and cause disease in fish, eventually leading to death from sepsis. This ability relies, in part, on a virulence plasmid (pVvbt2) whose elimination leads to the loss of resistance to eel innate immunity and concomitantly, virulence for eels Valiente et al., 2008) . The plasmid pVvbt2 is approximately 69 Kb in size and contains a cluster of genes, duplicated in chromosome II, for the synthesis and transport of a new variant of MARTX toxin (multifunctional autoprocessive repeat in toxin) involved in resistance to phagocytosis and fish death (Lee et al., 2013) . The plasmid also contains a gene, vep20, identified in a previous study as putatively regulated by Fur (Pajuelo et al., 2014) . In this context, could vep20 also confer resistance to eel innate immunity?
To test it, we constructed a vep20 mutant and a triple mutant that had inactivated the two described iron-uptake mechanisms as well as vep20. As expected, the virulence for mice as well as the ability to resist and grow in human plasma was not altered by deleting vep20 while the virulence for eels together with the ability to grow in eel blood and plasma were notably impaired in Δvep20. Then, we found that vep20 expression was induced by iron restriction, regardless of the chemical nature of the iron-chelator added to the medium, and that a minimum percentage of eel plasma is needed to establish the iron-restricted conditions for gene induction. In addition, vep20 was overexpressed in vitro at the beginning of the log phase and ended just before the stationary phase of growth, suggesting the involvement of vep20 in active growth. The same results were obtained by Pajuelo et al. (2014) for hupA and vuuA, indicating that these three genes are involved in response to iron starvation.
On the basis of the results obtained, we hypothesized that Vep20 was involved in growth in eel blood and internal organs in vivo. To demonstrate it, we performed an in vivo colonization and invasion assay with waterborneinfected eels. We found that the mutant was unable to efficiently colonize the internal organs of eels. This finding correlates with the results found in vitro and explains the severe impairment of Δvep20 in virulence for eels. In parallel, we demonstrated that vep20 was over-expressed in vivo by the wild-type strain but only in blood and internal organs for the first 24 h of infection, time that this pathogen needs for a successful invasion to result in systemic infection (Lee et al., 2013) .
The overall results demonstrate that vep20 is a hostspecific virulence gene that encodes Vep20, an IROMP of approximately 80 kDa, which facilitates bacterial multiplication in eel blood through the binding of a blood protein that serves as an iron source for the bacterium. Eel-Tf is the most likely ligand for the Vep20, as the only proteins that showed positive matches in the proteomic database were the Tf proteins from catfish, coelacanth (L. chalumnae), a living fossil species belonging to the oldest known living lineage of Sarcopterygii (lobe-finned fish and tetrapods), and Nile tilapia, one of the most evolved teleosts, described as a potential host for V. vulnificus (Fouz et al., 2000) . Additionally, the phylogenetic analysis using a common fragment present in 50 fish-Tf genes was consistent with the results obtained through LC-MS/MS, showing that eel-Tf is also closely related with trout-Tf, another fish species that hosts V. vulnificus (Pederssen et al., 2008) . These findings support the hypothesis that Vep20 also binds Tf proteins from tilapia and trout, although with less efficiency, revealing the lower virulence of V. vulnificus for these two species (LD 50 approximately 2-3 log units higher than that for eel) (Fouz et al., 2000; .
In parallel, we observed that the identity of vep20 and its Furbox in the different clonal complexes of the Bt2 was nearly 100%. The high conservation of Vep20 within Bt2 could reflect the recent acquisition of the virulence plasmid or the strong selective pressure for the vep20 gene. Surprisingly, a gene with nearly 100% homology to vep20 is present in an uncharacterized virulence plasmid of V. harveyi (pVh1) and another gene (orf150) with 76% identity to vep20 is also present in a virulence plasmid of the zoonotic pathogen P. damselae subsp damselae (formerly V. damselae (Austin and Austin, 2012) . Interestingly, the plasmid of P. damselae is transferable via conjugation (Rivas et al., 2011) , and the plasmid of V. harveyi, although still uncharacterized, contains a set of tra genes (http://www.straininfo.net/strains/279230). These data suggest that Vep20 could represent a new family of plasmid-encoded Tf-binding receptors specific for fish and transferable through horizontal gene transfer, conferring an adaptive advantage to transconjugants in fish-farming environments. The differences in Vep20 amino acid sequences among strains could reflect changes resulting from host adaptation. Indeed, approximately 13% of the Tf sequences in salmonids undergo positive selection through competition with bacterial pathogens for iron (Ford, 2001) . Similarly, pathogens could change amino acids through mutations that facilitate the adaptation of these bacteria to changes in the hosts.
In conclusion, vep20 is a host-specific virulence factor specifically involved in iron acquisition from fish-Tf. This novel iron acquisition system is complemented by two other host-non-specific systems also involved in the virulence of V. vulnificus not only in the eel but also in humans. The existence of this third system emphasizes the importance of iron in V. vulnificus-mediated sepsis and explains, at least partially, why V. vulnificus presents much higher virulence for eels (LD 50 approximately 10 1-2 cfu per g of fish) than for mice (LD50 approximately 10 4-6 per gram of mouse), unless the blood iron load is high (LD50 approximately 10 1-2 cfu per g of mouse in an iron-overloaded model). Moreover, Vep20 could represent a new protein family encoded in transferable plasmids specific for fish pathogens, namely Ftbp (fish transferrin binding proteins). The acquisition of these plasmids in aquatic bacteria might contribute to the fitness of the transconjugant by increasing the host range and, therefore, the persistence of the strain (or clone) in fish-farming environments.
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Experimental procedures
Bacterial strains and growth conditions
The bacterial strains used in the study are listed in Table 2 . The bacteria were routinely grown in LB-1/LBA-1 (LuriaBertani broth/agar, 1% NaCl) or CM9/CM9A [M9 minimal medium broth/agar (Miller, 1972) supplemented with 0.2% casamino acids (Difco)] at 28°C (V. vulnificus) or 37°C (Escherichia coli) and stored in LB-1 plus glycerol (17%) at −80°C. When necessary, ampicillin (100 μg ml −1 ) or polymyxin B (50 U ml −1 ) was added to the media. For growth experiments under different iron-starvation conditions, fresh blood, plasma and erythrocytes from eels and plasma from humans were obtained as previously described (Amaro et al., 1994; Esteve-Gassent et al., 2004; human Sigma)], CM9-E (100 μM EDDHA) and CM9A-E (CM9 agar + 100 μM EDDHA) according to Pajuelo et al. (2014) .
Animal maintenance
Both mice (6-to 8-week-old BALB/c mice purchased in Harlan Laboratory Models S.L.) and eels (farmed European eel Anguilla anguilla, purchased from a local eel farm that does not vaccinate against V. vulnificus) were maintained, prepared and handled as previously described (Pajuelo et al., 2014) . Three populations of 10, 20 and 100 g were used for virulence assays, colonization assays and blood extraction respectively. All animal experiment protocols were reviewed and approved through the Animal Ethics Committee of National Cheng Kung University and the University of Valencia.
DNA and RNA manipulations
Genomic DNA was extracted from overnight cultures in CM9 according to Ausubel and colleagues (2007) , and total RNA was extracted from tissues or mid-log phase cultures in CM9 [inoculated from overnight cultures in CM9 at a ratio of 1:1 (v/v)] using TRI reagent (Sigma) according to the manufacturer's instructions. The RNA was subjected to DNase treatment using TURBO ™ DNase (Ambion) to digest and eliminate residual DNA, according to the manufacturer's instructions. The RNA was cleaned using the Rneasy ® MinEute ® Cleanup Kit (Qiagen) according to the manufacturer's instructions and quantified using a Nanodrop ND-2000. Only samples with A260/A280 > 1.8 and A260/A230 > 2 were selected.
PCR, sequencing and quantitative reverse transcription (qRT)-PCR
The DNA fragments were amplified, visualized and sequenced in several of the strains shown in Table 2 according to Pajuelo et al. (2014) . To quantify the gene expression, qRT-PCR was performed according to Pajuelo et al. (2014) . The housekeeping gene recA was used as a standard, and the fold induction (2 -ΔΔCt ) for vep20 gene was calculated according to Livak and Schmittgen (2001) . The primers for vep20 and the putative Furbox were designed from based on the virulence plasmid sequence of strain CECT4999 (AM293858; Supporting Information Table S1 ).
Isolation of mutant and complemented strains
A single in-frame deletion mutant in the vep20 gene was obtained through allelic exchange (Shao and Hor, 2000) . Briefly, the regions up-and down-stream of vep20 were cloned into pCVD442, a suicide vector for negative section using sucrose (Donnenberg and Kaper, 1991) , to generate pΔvep20, containing an in-frame deletion of a major portion of the coding sequence ( Table 2 ). The plasmid pΔvep20 was transferred from E. coli S17-1λpir (Table 2 ) to the wild-type strain CECT4999 via conjugation. The transconjugants were selected using ampicillin and polymyxin B and subsequently screened for colonies that lost pCVD442 via a second homologous recombination event based on resistance to LB supplemented with 10% sucrose. To obtain the vep20, hupA and vuuA triple mutant, pΔvep20 was transferred via conjugation into the ΔhupAΔvuuA double mutant strain (Table 2) , and a second recombination was performed as described above. In trans complementation was performed through the conjugal transfer of pITvep20 (Table 2) . Plasmid pITvep20 was generated after cloning the coding sequence and promoter region of vep20, obtained through PCR amplification with primers vep20-cF/vep20-cR (Supporting Information  Table S1 ), into pIT009 (Table 2 ; Lee et al., 2008) .
In vitro phenotypic characterization of Δvep20.
• OMP analysis. Wild type and Δvep20 strains were grown in CM9-Fe and CM9-Tf for 6 h, and subsequently OMP was extracted as previously described (Biosca et al., 1993) . Outer membrane protein samples were fractionated using SDS-PAGE (Laemmli, 1970) with a 10% acrylamide separation gel. The protein bands were stained with Coomassie brilliant blue.
• Bioassays. To determine the ability of wild type and Δvep20 strains to use iron from iron-saturated human holotransferrin [holo-Tf (Sigma)], we measured the growth halo around discs soaked in a 1 mM solution on CM9A-E plates previously inoculated with 100 μl of an overnight culture in CM9 (Simpson and Oliver, 1987) . To determine the minimal stimulatory concentration (MSC) of bovine Hm (Sigma) CM9 medium supplemented with 100 μM EDDHA was inoculated with several different concentrations of Hm (from 0.1 to 10 μM) from overnight cultures [ratio 1:1 (v/v)]; the MSC of bovine Hm was determined as the minimum concentration required for bacterial growth. The mutants defective in vuuA and hupA/hutR (Pajuelo et al., 2014) were used as negative controls for growth on human holo-Tf or in Hm assays respectively.
• Growth in plasma and blood. A 100 μl aliquot of bacterial suspension in PBS containing 10 3 cfu ml −1 grown overnight in CM9 was added to 100 μl of fresh plasma or blood, and the mixtures were incubated at 28°C (for eel plasma) or 37°C (for human plasma) for 4 h with shaking (160 r.p.m.). Samples were collected at 0 and 4 h post-incubation, and the viable bacteria were enumerated using the drop plate method (Hoben and Somasegaran, 1982) . The bactericidal (complement) or bacteriostatic (Tf) activity of plasma was abolished after heating at 56°C for 30 min (Amaro et al., 1997) or supplementing with 100 μM of FeCl3 respectively.
• Interaction with eel blood cells. Granulocytes and erythrocytes were obtained from eel blood according to Lee and colleagues (2013) . Eukaryotic cells were seeded onto poly-L-lysine treated 96-well plates (NUNC) at a concentration of 10 5 cells per well, and bacterial strains grown overnight in CM9 were added at a multiplicity of infection (moi) of 10. Phagocytic activity and survival inside the phagocytes were analysed, and haemolysis was microscopically observed according to Lee and colleagues (2013) .
In vivo phenotypic characterization of Δvep20.
• Virulence. The bacterial virulence for European elvers of 10 g in 6-to 8-week-old BALB/c mice, expressed as the LD50 (lethal dose to 50% of animal), was determined as previously described (Amaro et al., 1994; . The LD50 was calculated as previously described (Reed and Münch, 1938) and expressed as cfu g −1 (i.p. injection) or ml of infectious bath (immersion challenge).
• Colonization. The eels were bath infected with the wild type or mutant strain grown overnight in LB-1 at a dose equivalent to the LD50 of the wild-type strain (Amaro et al., 1995) . A total of 24 eels per strain were infected, and six eels were immersed under the same conditions in PBS-1. Twelve live eels were randomly sampled at 0, 9, 24 and 72 h, at a ratio of three animals per sampling time (Pajuelo et al., 2014) . The bacterial number per ml (blood) or g (gills, liver, kidney and spleen) of sample was estimated using the drop plate method.
Analysis of Vep20.
• Bioinformatics analysis. The online programmes PsortB (Yu et al., 2010) for cellular location, SecretomeP (Dyrløv-Bendtsen et al., 2005) for peptide secretion signals and pFam (Punta et al., 2012) for functional domains were used. The Vep20 amino acid sequences in V. vulnificus strains CECT4999 and CECT4602 (741 aa) were used to generate the 3D structure model of Vep20 protein. To identify the templates for modelling, a BLASTP search was performed against the Protein Data Bank (pdb). Modeller 9.13 software (academic version; Sali and Blundell, 1993) was used to predict the structure based on the selected template (ID pdb 3 V8X chain A; Noinaj et al., 2012) . For each protein, five models were generated, and one model was selected based on the Ramachandran plot (Lovell et al., 2002) obtained using the online server Rampage (http:// mordred.bioc.cam.ac.uk/∼rapper/rampage.php).
• Purification of rVep20 and polyclonal antibodies. The entire vep20 nucleotide sequence was PCR amplified using the primers rVep20-F/R (Supporting Information Table S1 ). The amplicons were cloned into vector pQE-30 (Qiagen), transformed in the expression strain E. coli M15 and His 6-tagged-Vep20 (rVep20) recombinant protein was induced using Isopropyl β-D-1-thiogalactopyranoside (IPTG), followed by purification using a nickel affinity column (NiNTA) according to the manufacturer's instructions (Qiagen). Polyclonal antibodies against rVep20 were obtained after the i.p. immunization of 8-week-old specific pathogen-free BALB/c female mice (Antibody BCN, Spain) with 50 μg of pure antigen combined 1:1 (v/v) with complete Freund's adjuvant. The remaining doses contained 50 μg of pure antigen combined with incomplete Freund's adjuvant in five doses every 15 days. A week after the last immunization, the blood samples were pooled and used as polyclonal antibodies against rVep20. Blood samples from non-immunized mice were obtained and used as a control.
• Western blot. For each tested condition, the bacteria were grown overnight in CM9, diluted 1:100 (v/v) in fresh medium and sampled at 6 h or the indicated times (for CM9-EP). A sample of 5 μg of protein, quantified using the Pierce BCA Protein Assay Kit (Thermo Scientific), was separated through SDS-PAGE (Laemmli, 1970) on discontinuous gels (4% stacking gel, 10% separating gel). The proteins were transferred onto a PVDF membrane (0.2 μm, Bio-Rad) at 100 V for 1 h in Tris-glycine-methanol transfer buffer [25 mM Tris, 192 mM glycine (pH 8.3), 20% (vol/vol) methanol] according to Towbin and colleagues (1979) . The membranes were blocked with 5% non-fat dry milk, and immunostaining was performed using a mouse Vep20-specific primary antibody diluted 1:3000 and anti-mouse IgG HRP-conjugated secondary antibody diluted 1:5000 (Sigma). The proteins were visualized using Immobilon Western Chemiluminescent HRP Substrate (Millipore) on a Curix 60 Revelator (AGFA Healthcare).
• Vep20 ligand identification through LC-MS/MS analysis. To avoid interferences in the binding-assay, albumin was depleted from fresh eel plasma according to Chen and colleagues (2005) . The plasma proteins were separated using SDS-PAGE and subsequently transferred to a PVDF membrane as described above. The membrane was blocked with 5% non-fat dry milk and incubated with 5 μg of rVep20 in blocking solution for 90 min at room temperature to facilitate rVep20-ligand binding. Specific-Vep20 polyclonal antibodies were used to reveal the band corresponding to the Vep20-ligand complex. The bands in the eel plasma SDS-PAGE corresponding to the Western blot signals were excised, digested with sequencing grade trypsin (Promega) as described elsewhere (Shevchenko et al., 1996) and identified through LC-MS/MS according to Pamblanco et al. (2014) .
Phylogenetic reconstruction for vep20, vep20 homologues and the fish transferrin gene
Phylogenetic trees were reconstructed using the maximum likelihood method. Support for the groupings derived in these reconstructions was evaluated through bootstrapping using 1000 replicates (Felsenstein, 1985) . Maximum likelihood Vep20: a new transferrin receptor of Vibrio vulnificus 11 trees were obtained using PhyML (Guindon and Gascuel, 2003) . The best evolutionary model for the sequences according to jModelTest (Posada, 2008) and considering the Akaike information criterion was the general time-reversible model of substitution with a gamma distribution (GTR+G; Nei and Kumar, 2000) for the analysis of the Tf mRNA and Tamura Nei model (TN93; Tamura and Nei, 1993) for vep20 and its homologues. These models were used to obtain the maximum likelihood trees presented in this study. An 854-nt fragment of A. anguilla Tf mRNA (Supporting Information Appendix S1) was obtained through Blast searches using SRA collections (SRR931776-SRR931780) as query for the Tf gene of Salmo salar (NM_001123655.1) and subject sequences for the different SRA files. The remaining Tf sequences were obtained through Blast searches among the fish species included in these analyses with higher than 60% identity to the Tf of Anguilla anguilla. The vep20 sequences in V. vulnificus strains CECT4999 (AM293858.1, locus VVULR99_30) and CECT4602 (AM293860.1, locus vpb35), V. harveyi strain Vib645 and Photobacterium damsela strain RM71 were obtained from GenBank (accession numbers indicated in Supporting Information Fig. S4 ), and the vep20 sequences in Bt2 strains were submitted to GenBank (accession numbers KM100335-KM100349 and KP202344-KP202349).
A. A monolayer of granulocytes was infected at a moi of 10, and the cells were examined under an inverted microscope at 90 min after infection. B. The same samples as in (A) but stained with Hemacolor (Millipore) at 60 min. A, control; B, CECT4999; C, Δvep20. Bar, 5 μM. Fig. S2 . Microscopic observation of the cytopathic effects of V. vulnificus strains. The bacteria were incubated with eel erythrocytes at a moi of 10 for 90 min. A. Control. B. CECT4999. C. Δvep20. Bar, 100 μM. Fig. S3 . Time course analysis of the transcript/RNA levels of vep20 using qRT-PCR. Transcript/RNA levels of vep20 expressed as the fold induction in CECT4999 cultured in CM9-Tf (A) or CM9-EP (B) measured using qRT-PCR (solid line) versus CECT4999 growth measured as OD600 (dashed line) at the indicated time points. Fig. S4 . Molecular phylogenetic analysis of vep20 using the Maximum Likelihood method based on the Tamura-Nei model. The vep20 sequence types are represented. The bootstrap support values are indicated in the corresponding nodes as percentages. The tree is drawn to scale, with branch lengths measured as the number of substitutions per site. Table S1 . Primers used in this study. Table S2 . Four independent (A; B; C; D) protein identifications through LC-MS/MS. Appendix S1. DNA sequences.
